Dark gas in the interstellar medium (ISM) is believed to be not detectable either in CO or Hi radio emission, but it is detected in the other means including γ-rays, dust emission and extinction. In these analyses, the 21-cm Hi emission is usually assumed to be completely optically thin. We have reanalyzed the Hi emission from the whole sky at |b| > 15
Introduction
It is important to quantify the constituents of the interstellar medium (ISM), which mainly consists of neutral/molecular hydrogen Hi, H 2 and Hii, in order to understand the role of the ISM in galactic evolution. The Hi gas has density mainly in a range from 0.01 cm −3 to 100 cm −3 while the CO probes the molecular hydrogen gas at density higher than 1000 cm −3 . So, the intermediate density regime 100 -1000 cm −3 may possibly remain unrecognized. It has been discussed that "dark gas" may exist, which is undetectable in radio emission, either in the 21-cm Hi or 2.6-mm CO transitions (Grenier et al. 2005; Planck Collaboration et al. 2011) . Previous studies suggest that the dark gas probed by the γ-rays and dust emission has a density regime between the Hi and H 2 as inferred from its spatial distribution intermediate between Hi and CO (Grenier et al. 2005; Planck Collaboration et al. 2011 ).
The physical properties of the CO emitting molecular gas are relatively well understood thanks to transitions of its different rotational states and isotopic species, which allow us to derive physical and chemical parameters of the CO gas. On the other hand, the physical parameters of the Hi gas are more difficult to estimate, because the Hi line intensity is the only measurable quantity for a combination of two unknown parameters, the spin temperature T s and optical depth τ HI . The 21-cm transition is a transition characterized by the excitation temperature, called spin temperature, between the two spin-flip states in the electronic ground state. The Hi consists of warm and cold components (for a review see Dickey & Lockman 1990; Kalberla & Kerp 2009 ). The mass of the Hi gas is measurable at reasonably high accuracy under the optically thin approximation, while the cold components having spin temperature of ≤ 80 K may not be easily measurable because of the optical depth effect. Only a comparison of the absorption and emission Hi profiles toward extragalactic radio continuum sources can be used to estimate T s and τ HI (Dickey et al. 2003; Heiles & Troland 2003) . So, the details of the cold Hi are still not fully understood. In galaxies the existence of optically thick Hi has been discussed based on line profiles, whereas a quantitative method to evaluate the physical properties has not yet been developed (Braun 2012) .
A recent work on the high latitude molecular clouds MBM 53, 54, 55, has shown that the HI emission is optically thick in the surroundings of the CO clouds (Fukui et al. 2014, Paper I) . These authors compared the Planck/IRAS dust opacity (Planck Collaboration et al. 2013a ) with Hi and CO, and estimated the Hi spin temperature to be 20 -40 K (average is 30 K) and optical depth 0.3 -5 (average is 2) by assuming that the dust opacity is proportional to the ISM proton column density. They suggest that the Hi envelope is massive having more than 10 times the mass of the CO clouds, and that such optically thick Hi may explain the origin of the dark gas, an alternative to CO-free H 2 . It is important to test if the Hi shows similar high optical depth in a much larger portion of the sky.
In addition, it is notable that in three TeV γ-ray SNRs RX J1713.7-3946, RX J0852.0-4622, and HESS J1731-347, it is found that spatially extended cold Hi gas of T s ∼ 40 K which has no CO emission is responsible for the γ-rays via the hadronic process between the cosmic-ray protons and the interstellar protons Torii et al. 2012; Fukui 2013; Fukuda et al. 2014) . The cold Hi probably represents the compressed Hi shell swept up by the stellar winds of the SN progenitor. This finding raised independently a possibility that the cold Hi gas may be more ubiquitous than previously thought.
It has been difficult to derive T s and τ HI in general and our knowledge on the cold Hi remains ambiguous at best. In order to better understand the relationship between the dust emission and Hi over a significant portion of the sky, we have compared the Hi with the dust properties derived from the Planck and IRAS data beyond the area studied by Paper I. This comparison was made by using the Hi dataset at 0.6
• resolution from the LAB archive data, and the Planck/IRAS dust properties. We present the results of the detailed comparison. Section 2 gives the observations, Section 3 the results, Section 4 the discussion and Section 5 summary.
Observational datasets
2.1. Datasets
Hi data
The Leiden/Argentine/Bonn (LAB) Hi 21-cm survey (Kalberla et al. 2005 
CO data
We use the integrated intensity 12 CO J=1-0 map over the full observed velocity range by Dame et al. (2001) as a molecular gas tracer. The data are also taken from the LAMBDA project page.
Background 21-cm continuum data
The 21-cm continuum emission is used as background emission of Hi. We use the CHIPASS 21-cm radio continuum map (Calabretta et al. 2013) for the southern sky and the Stockert 21-cm radio continuum map (Reich & Reich 1986 ) for the northern sky. These continuum emission includes the cosmic microwave background emission.
Hα data
In order to mask the region where dust is locally heated or destroyed by ultraviolet (UV) radiation, we use the all-sky Hα data provided by Finkbeiner (2003) . See the next sub-section for details. Figure 1 shows the distribution of the 353 GHz dust opacity τ 353 , which includes mainly local clouds like Taurus, Lupus, Aquila, Polaris flare and Chameleon, within 200 pc of the sun. A correlation analysis between dust and gas has to be done toward a single component of the ISM and regions that do not overlap along the line of sight are chosen for comparison. Otherwise, regions of different physical properties will be mixed up, reducing the correlation among the physical parameters. It is also important to avoid contamination so that local irradiation by high-mass stars does not significantly affect the dust emission.
Masking
Considering these, we selected the region for the present analysis according to the following five criteria.
The Galactic latitude |b| is higher than 15
• in order to eliminate contamination by different components in the Galactic plane along the line of sight. At intermediate latitudes the assumption that the ISM emission in any given direction is dominated by a single structure (cloud or cloud complex) is a valid approximation over most of the sky. This approximation ignores the very diffuse gas (inter-cloud medium) that is present at some level in all directions. At high latitudes the diffuse gas (neutral and ionized) is sometimes the only form of interstellar matter on the line of sight, with column density below about 10 20 cm −2 . There is no evidence for "dark gas" at these low column densities, so we ignore the diffuse gas in this analysis.
2. Extra galactic objects such as the LMC, SMC and M 31 are removed from the present analysis. The points where the Hi integrated intensities at |v| > 100 km s −1 are larger than 10 % of those at |v| < 70 km s −1 are masked. In addition, the low velocity component of the Magellanic stream seen at l ∼ −60
• -+60 • and b < −60
• is masked by hand using the integrated intensity map at |v| < 70 km s −1 to show a continuous distribution with the components seen at |v| > 70 km s −1 .
3. As seen in the Hi longitude-velocity map in Figure 2( 4. In order to eliminate locally heated components, the Hα emission is restricted to be weaker than 5 Rayleigh (Finkbeiner 2003) . This eliminates the dust in ionized regions (e.g., in Orion A, the Ophiuchus region etc.), where the dust may be destroyed or heated by the UV photons, causing an anomalous dust to gas ratio and dust temperature.
5. CO gas has a different physical environment with higher density. Regions with detectable CO emission are excluded by using the CO data provided by Dame et al. (2001) . Individual regions of CO gas not included in the present study will be dealt with in detail at higher resolution in separate papers.
All the masked region is shown in Figure 1 Planck Collaboration also has found a similar result that T d increases with decreasing gas column density (Planck Collaboration et al. 2013a,b) . By following the same argument in
Paper I, we argue that the Hi emission is moderately optically thick in general and that the saturation due to the optical depth effect causes weaker W HI for lower T d and higher τ 353 .
The optically thin limit is seen only for the highest T d , and the rest of the points with lower T d and shallower slopes suffer from saturation in Hi intensity. We apply the optically thin relationship in equation (1) in order to convert W HI into the Hi column density under the optically thin approximation N * HI ,
With the optically thin points at 22.5 K ≤ T d in Figures 4(b) we obtain a relationship between W HI and τ 353 as follows;
where k = 8.5 × 10 7 [K km s −1 ] is a constant. This relation will hold for any optically thin values of τ 353 , even if the Hi emission is not optically thin, as long as the dust properties are uniform with no significant spatial variation. We tested the variation of k as a function of b and find that the peak-to-peak dispersion of k is less than 15 % for |b| = 15
. Finally using equations (1) and (2) we can convert τ 353 into the Hi column density N HI with no optically thin assumption by the following equation,
where 8 × 10 20 cm −2 is taken as a representative value of N HI . (It will be discussed later in Section 3.2 and Figure 9 ).
Temperature-dependent analysis of Hi
The above results suggest that the Hi emission is partially saturated due to the optical depth effect for lower temperatures and the degree of saturation depends on spin temperature T s of Hi in a similar way to the high-latitude clouds (Paper I). The Hi integrated intensity W HI [K km s −1 ] is expressed by a radiation transfer equation as follows;
where the Hi spin temperature T s is assumed to be uniform on the line of sight and T bg is the background radio continuum radiation, and ∆V HI is the Hi linewidth (∆V HI = W HI /T peak for single-component spectra, where T peak is the peak temperature of the Hi emission at each point. The single-component assumption is reasonable in the present target regions in the sky as discussed in Section 2.2).
By assuming that τ 353 is solely ascribed to the dust in the Hi gas, we are able to estimate T s and τ HI . This assumption needs to be examined because molecular hydrogen with no detectable CO may occupy some fraction relative to atomic hydrogen at densities above 100 cm −3 . It is also worth considering whether the spatial variation of dust properties may offer an alternative explanation. We shall discuss these possibilities later in Section 4.
Under the present assumption, τ 353 is converted into the Hi column density
by equation (3), and W HI into the Hi column density under the optically thin approximation
HI gives an underestimate of the actual N HI if the Hi emission is not optically thin, and the ratio N * HI /N HI is given as follows;
where τ HI is given by the following equation which is valid for any positive optical depth;
Figure 5 shows a curve of equation (5).
We here solve the two coupled equations (4) and (6) to estimate T s and τ HI . Note that these two equations are independent as long as the Hi optical depth is finite, although they become essentially a single equation in the optically thin limit. Discussion of optically thick Hi is also found in the literature (Strasser & Taylor 2004; Dickey 2013) . Examples for T s and τ HI determination is shown in Figure 6 , where the results are summarized in Table 2 . Figure 7 shows the distributions of T s , τ HI and N HI colored in their fractional errors. Here we estimate the error in T s and τ HI as shown by thick lines in Figure 6 from the 1 σ uncertainties of τ 353 and W HI . The error in N HI is also calculated using equation (3) from the error in τ 353 . It is shown that the method cannot be applied with high accuracy when τ HI is smaller than ∼0.2 because of the degeneracy of equations (4) and (6). We therefore excluded the regions where τ HI is smaller than 0.2. Figure 7(c) indicates that N HI is accurately determined within ±5 %, while the errors in T s and τ HI are not always small.
The spatial distributions of the derived T s , τ HI and N HI are shown in Figure 8 , and Figure 9 shows histograms of these three parameters. As seen in Figure 9 , τ HI ranges from 0.5 to 2.0 for 72 % of the total Hi gas, where the Hi gas with τ HI larger than 0.5 accounts for 85 %. On the other hand, T s ranges from 15 K to 40 K for 77 % and T s less than 40 K for 85 %. N HI ranges from 5 × 10 20 cm −2 to 2 × 10 21 cm −2 for 71 %, where the peak is seen at 8 × 10 20 cm −2 .
Along with the assumption that there is only one cloud structure that dominates the emission by dust and gas on any given line of sight, we further assume that there is a single T s for the Hi gas in this structure. Relaxing this assumption to include warm and cool gas phases associated with the cloud would make equations (4) and (6) There has been discussion that T s is generally higher than 80 K, with 130 K as the nominal value in the literature (e.g., Mohan et al. 2004 ). On the other hand, Dickey et al. (2003) and Heiles & Troland (2003) showed that there exists cold Hi gas having T s of 20 K -40 K from Hi emission/absorption profiles toward radio continuum background sources.
These studies are however limited to a very small fraction of the Hi gas toward extragalactic radio continuum sources and the fraction of the cold Hi gas in the general ISM was not directly measured.
The observed W HI as a function of the computed N HI from equation (3) We shall estimate the total ISM mass in the solar vicinity over the whole sky. In Figure   11 we show the latitude distribution of τ 353 and W HI averaged in Galactic longitude, where the two curves, dashed and solid lines, indicate all the area with and without masking, respectively. We fit the data by tentatively assuming a Lorenzian function as shown in Figure 11 . We have estimated the total mass of the ISM by integrating τ 353 and W HI as follows; Hi mass for optical-depth correction and that without correction are 2.52 × 10 6 M ⊙ and 1.25 × 10 6 M ⊙ , respectively for an assumed distance of 150 pc. This implies the mass increase due to the optical depth correction amounts to 1.27 × 10 6 M ⊙ , or a factor of ∼2.0, similar to the high-latitude clouds in Paper I. (Figure 9 ). If we tentatively assume a typical line-of-sight depth of 5 pc for the cold Hi, the average density is estimated to be 30 cm −3 -130 cm −3 . The ratio of the actual Hi column density N HI to that obtained under the optically thin approximation N HI * is estimated to be 2.0 over the region analyzed. The high density and low temperature of the cold Hi gas are consistent with the temperature estimates in a model spherical cloud with the density range concerned, which is under heating by the ISRF and cooling by the atomic lines including Cii (Goldsmith et al. 2007 ). Grenier et al. (2005) presented the dark gas based on γ-ray observations by EGRET, which is not "detectable" either by Hi or CO emission. Subsequently, the Planck Collaboration et al. (2011) discussed that the dust emission includes the dark gas component which has a similar distribution to the excess γ-rays. Dark gas is also seen in visual extinction (Paradis et al. 2012) . According to these studies, the distribution of the dark gas is largely similar to the CO gas, but is spatially extended beyond the limit of CO detection. Its correlation with the Hi gas distribution did not seem to be strong in these previous studies that assumed optically thin Hi. The present analysis has shown that the Hi gas is dominated by an optically thick component. The typical Hi column density derived for optically thick case, ∼ 10 21 cm −2 , is consistent with that of the dark gas (Grenier et al. According to the present analysis, τ HI takes maximum values of around 6 -7 at N * HI ∼ 10 21 cm −2 or W HI ∼ 550 K km s −1 , and this opacity effect causes the apparent bump at N * HI = 4 × 10 20 cm −2 -2 × 10 21 cm −2 with a maximum at in terms of the opacity effect but not by the enhanced dispersion in the plot. We note that the bump is a natural outcome of the saturation effect in the optically thick Hi with no ad-hoc assumption, whereas it was ascribed to the property of the unknown dark gas in the previous interpretation (Planck Collaboration et al. 2011) . Figure 15 shows the correlation between the opacity corrected Hi column density N HI and τ 353 . Naturally, the scatter is small, on the order of 10 % at maximum in Figure 14 (c). We consider that Figure 15 shows the real correlation with much smaller errors between the Hi emission plus CO emission vs.
In Figure 14 (c) we find that the points below the optically thin limit in a range of N * HI of 7 × 10 19 -10 21 cm −2 are outside the regime where the present method has a solution.
Most of these points are located at very high galactic latitude higher than 60
• (Figure 8 instance, all the data points are explained in the present scheme. This condition will be fulfilled if the dust cross section is smaller by a few 10 % at such low density and high IRSF condition. Such a trend is qualitatively consistent with smaller dust grains in the extremely low-density condition and is worth further pursuit.
In order to evaluate the effect of the dust opacity which may depend on hydrogen column density, we shall adopt the following equation (7) instead of equation (3);
This relation is derived by assuming the dependence of sub-mm dust opacity which is proportional to N 0.28 HI for the total hydrogen column density N HI above 10 22 cm −2 in Orion A (Roy et al. 2013) . A trend of dust opacity evolution with column density is also recognized for clouds with column density of (3 − 7) × 10 21 cm −2 in the Vela Molecular Ridge (Martin et al. 2012 ) and in the Taurus filaments (Ysard et al. 2013) . We made the same analysis of the cold Hi by using equation (7) instead of equation (3) and have naturally found similar results to those above with some minor changes of physical quantities.
Equation (7) can alter N HI by ∼ −15 % -+20 % at a typical range 5 × 10 20 -2 × 10 21 cm −2 as compared with the uniform dust opacity assumption, and the increase of the total Hi mass due to the Hi optical depth effect becomes slightly less by a factor of 1.8 instead of 2.0 in Section 3.2. So, it is not necessary to make a substantial change in the parameters of the cold Hi, even when the possiblility of non-uniform dust opacity is taken into account.
The present analysis has shown that cold Hi is a viable interpretation of the dark gas.
It however does not exclude the possibility that H 2 is dominant instead of Hi in the dark gas. We here make a comparison with the results of direct UV absorption measurements of H 2 by FUSE and Copernicus (Gillmon et al. 2006; Rachford et al. 2002 Rachford et al. , 2009 . They observed about 80 lines of sight toward AGNs and galactic OB stars, and estimated the H 2 abundance ratio as follows,
where N H 2 is the column density of H 2 , and N * HI,UV is N * HI used in the UV studies. We here correct f * H 2 considering τ HI with the following equation.
where N ′ HI is N HI multiplied by the N * HI,UV /N * HI ratio. N * HI,UV /N * HI typically ranges from 0.9 to 1.2. Finally, 21 lines of sight in the UV studies are found to be in the areas of the present analyses, and the results are summarized in Figure 16 and in Table 3 . This indicates that hydrogen is more than 90 % atomic in the column density regime, N HI ≤ 1 × 10
where f H 2 at each point is typically reduced by 30 -80 % by considering the Hi optical depth. The region at N HI ≥ 10 21 [cm −2 ] where f H 2 becomes larger than 10 % accounts for 32 % of the Hi mass and 11 % in the number of data points of the whole. We therefore exclude that H 2 is the dominant component the dark gas.
In order to explain the dark-gas origin, a possibility of molecular hydrogen with no CO emission has been discussed (Planck Collaboration et al. 2011) . Wolfire et al. (2010) presented numerical simulations of a giant molecular cloud with a lower density envelope and argued that an H 2 layer without CO surrounding a CO cloud may be significant in mass, providing a possible origin of the dark gas. The cloud size of a giant molecular cloud in Wolfire et al. (2010) is much larger than that of the local clouds, and the time scale for formation of a giant molecular cloud should be as large as a few 10 Myrs (Fukui et al. 1999; Fukui & Kawamura 2010) . On the other hand, the current local clouds within 200 pc of the sun have a crossing time scale of ∼1 Myr. This is too short to convert Hi into H 2 which requires 10 Myrs for density of 100 cm −3 (Hollenbach & Natta 1995) , which is consistent with the conclusion that the dense gas is Hi dominated. Recent Herschel observations of Cii toward the disk clouds at |b| less than 1
• suggest that CO-free H 2 gas may be dominant in the disk outside the nearby regions analyzed in the present work (Langer et al. 2014 ). This is a complementary piece of information on the giant molecular clouds which are denser having a longer age like more than 10 Myrs. Such clouds may be explained by the model by Wolfire et al. (2010) which deals with CO-free envelopes of giant molecular clouds with 10 Myrs age. We note that the Cii study assumes optically thin Hi and Cii optical depth of ≤ 0.5. These assumptions remains to be verified.
Another possibility is that the dust properties may be considerably different in the region, and has been explored by the Planck collaboration (Planck Collaboration et al. 2013a ). We shall defer to explore this possibility until a full account of the study is opened to the community.
Conclusions
We have carried out a study of the Hi gas properties in the local interstellar medium by using dust properties derived from the Planck all sky survey at mm/sub-mm wavelengths.
The Hi gas is in local regions within a few 100 pc of the sun and is out of the galactic plane, where giant molecular clouds do not exist. We find the Hi integrated intensity shows poor correlation with the sub-mm dust optical depth, whereas the correlation becomes significantly better if the dust temperature, ranging from 13 K to 22 K, is restricted in a small range like 0.5 K. We set up a hypothesis that the Hi emission is optically thick, and saturation of the Hi intensity is significant. We have shown that the Hi emission associated
with the highest T d shows a good correlation expressed by a linear regression and hence derived a relationship, N HI = 8.5 × 10 7 · τ 353 . An analysis of W HI and N HI based on coupled equations of radiative transfer and the Hi optical depth yields both T s and τ HI . T s is in the typical range from 15 K to 40 K and τ HI from 0.5 to 5.0. Typically, the cold Hi gas has density of 30 -130 cm −3 , N HI = 5 × 10 20 cm −2 -2 × 10 21 cm −2 , and ∆V HI = 10 km s −1 .
We argue that the "dark gas" is explained by the cold Hi gas, which is two times more massive than the Hi gas derived under the optically thin approximation. We tested two interpretations alternative to the cold Hi as the dark gas; one is that H 2 is dominant instead of Hi, and the other that variation of the gas to dust ratio is significant. The first one is not supported since the observed W HI is too large to be explained by a small fraction of the H 2 column density. The second one is not reconciled with the general dust properties, either. The spin temperature and optical depth of Hi emission cannot be disentangled by Hi intensity alone. This has been an obstacle in Galactic Hi astronomy. The Planck dust opacity offers a tool to disentangle this issue for an ISM column density range 10 20 cm −2 -5 × 10 21 cm −2 . The opacity gives a measure of the Hi column density for given T d , if CO is not detectable and the background Hi gas is negligible. The present finding that the cold Hi is dominant in the local interstellar medium has important implications on related subjects, i.e., dust properties in particular grain size evolution, structure of molecular and atomic clouds, interaction of Hi with cosmic rays, derivation of the X CO factor. These issues will be the possible subjects to be pursued in follow-up studies in future.
We All the criteria are applied. Figure 4 . Figure 6 .
(1) (2) (3) (4) (5) (6) (7) (8) Red lines show the results of fitting with a Lorenzian function for the masked data. Half widths of the resulting curves are 28.
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